Introduction
============

Colorectal cancer is the second most common cancer, with an estimated 145,600 newly diagnosed cases and 51,020 cases of mortality in the United States in 2019 ([@b1-ol-0-0-10952]). Traditional treatment modalities, including surgery, chemotherapy and radiation therapy have prolonged survival and improved the outcome for patients with colorectal cancer; however, recurrent disease after initial treatment and metastasis occurs in \~50% of cases ([@b2-ol-0-0-10952]). This is partially caused by the ability of colon cancer cells to evade the host immune-surveillance by suppressing cell-mediated immunity ([@b3-ol-0-0-10952]). The intra-tumor infiltration of colon cancer by lymphocytes suggests that the immune system can induce an immune response against the tumor, but this is not effective enough to prevent tumor growth ([@b4-ol-0-0-10952]--[@b6-ol-0-0-10952]). Based on this assumption, treating colon cancer with immunotherapy, especially therapies using dendritic cells (DCs), which are the most effective antigen-presenting cells of the adaptive immune system, has been extensively investigated over the past two decades ([@b7-ol-0-0-10952],[@b8-ol-0-0-10952]). DCs capture, process and present antigens to T lymphocytes in association with major histocompatibility complex (MHC) class molecules ([@b9-ol-0-0-10952]). MHC class II molecules present antigens on their surface, stimulating the maturation of helper T cells/CD4^+^ cells ([@b10-ol-0-0-10952]). MHC class I molecules cross-present antigens to CD8^+^ cytotoxic T lymphocytes (CTLs) to elicit an antigen-specific immune response ([@b11-ol-0-0-10952]). Accordingly, immunotherapies using *ex vivo*-generated DC vaccines loaded with tumor-derived antigens can induce effective antigen-specific humoral and cell-mediated immune responses in several cancer models, including colon cancer ([@b12-ol-0-0-10952]--[@b14-ol-0-0-10952]).

Another major cause of cancer therapy failure is the development of acquired resistance to chemotherapy and radiation therapy by tumor cell subpopulations referred to as cancer stem cells (CSCs). CSCs display distinctive immunophenotypes and exhibit the capacity for unlimited self-renewal and heterogeneous-lineage differentiation ([@b15-ol-0-0-10952]--[@b17-ol-0-0-10952]). The inability to recognize, target and eliminate CSC populations results in tumor recurrence and metastasis ([@b18-ol-0-0-10952]). Currently available DC vaccines are loaded with synthesized tumor-associated peptide antigens, such as carcinoembryonic antigen ([@b19-ol-0-0-10952]), melanoma-associated antigen 2 ([@b20-ol-0-0-10952]) and human epidermal growth factor receptor 2 ([@b21-ol-0-0-10952]). However, since CSCs do not express these differentiated tumor antigens, using these antigens for vaccination may increase the risk of immune escape due to antigen loss. Previous studies have demonstrated that DC vaccines loaded with CSC extracts exerted promising anticancer immunity against various malignancies ([@b14-ol-0-0-10952],[@b22-ol-0-0-10952]--[@b27-ol-0-0-10952]). Selection of the tumor antigen and transfection method to pulse DCs are crucial components of an effective cancer vaccination strategy ([@b28-ol-0-0-10952]). Several forms of antigens can be loaded onto DCs; antigens can be added exogenously as whole-cell lysates ([@b29-ol-0-0-10952]), RNA ([@b30-ol-0-0-10952]), peptides ([@b31-ol-0-0-10952]), whole proteins ([@b19-ol-0-0-10952]), apoptotic debris ([@b32-ol-0-0-10952]) or antibody complexes ([@b33-ol-0-0-10952]). Antigens can also be synthesized endogenously by transfection of mRNA or cDNA encoding the antigen ([@b30-ol-0-0-10952],[@b34-ol-0-0-10952],[@b35-ol-0-0-10952]). The advantage of using whole-cell lysates is that they may contain peptides that can be effectively presented by the majority of MHC molecules ([@b28-ol-0-0-10952]). In addition, the delivery of RNA to target cells can be achieved through transfection with naked RNA ([@b35-ol-0-0-10952],[@b36-ol-0-0-10952]), RNA/liposome complexes ([@b37-ol-0-0-10952]), RNA/DOTAP complexes ([@b30-ol-0-0-10952]), electroporation ([@b38-ol-0-0-10952]) and gene gun (biolistic) ([@b39-ol-0-0-10952]).

To the best of our knowledge, the potential antitumor activities of DCs pulsed with colon CSC (CCSC)-derived materials have not been previously investigated using a colon cancer model. The aim of the present study was to evaluate the antitumor effects of DC vaccines prepared by pulsing DCs with CCSC-derived lysate (Pro-DC) or RNA (RNA-DC) isolated from CD44^+^ mouse colon adenocarcinoma CT-26 cells using a BALB/c murine model of colon adenocarcinoma.

Materials and methods
=====================

### Animals

A total of 140 female BALB/c mice (6--8 weeks old; 16--18 g) were purchased from Beijing HFK Bioscience Co., Ltd. and housed in the Laboratory Animal Center at Jilin University (Changchun, China) under sterile conditions (room temperature, 25±2°C; humidity, 55±5%) on a 12-h light/dark cycle (lights on at 6:30 a.m.). Animals had *ad libitum* access to water and mouse chow diet. An acclimation period of at least 1 week was implemented for all mice prior to use in experiments. The experiments were approved by the Animal Care and Protection Committee of the Laboratory Animal Center at Jilin University. Mice remained on study until the tumor diameter exceeded 2.0 cm in any dimension unless ulceration, necrosis, or other complications was observed. Mice were evaluated for clinical signs including cachexia (weight loss exceeding 20% of the body weight), anorexia, dehydration, dyspenia, neurological impairment, hunched posture, body condition scoring system score 2 or less, or tumor burden greater than 15% of body weight.

### Cell line

The mouse CT-26 cell line was purchased from The Cell Bank of Type Culture Collection of the Chinese Academy of Sciences, and cultured in RPMI 1640 medium (Gibco; Thermo Fisher Scientific, Inc.) containing 10% FBS (Zhejiang Tianhang Biotechnology, Co., Ltd.) and 100 U/ml penicillin/streptomycin (Beyotime Institute of Biotechnology) at 37°C with 5% CO~2~.

### Generation of bone marrow-derived DCs

DCs were generated as previously described by Lutz *et al* ([@b40-ol-0-0-10952]). Briefly, the bone marrow was flushed from femurs and tibias obtained from 60 female BALB/c mice (6--8 weeks old, 16--18 g). Mice were euthanized by carbon dioxide asphyxiation for approximately 6 min (air displacement rate: 20%/min; carbon dioxide flow rate: 1.7 l/min; the mortality was ensured by cervical dislocation). Cells (1×10^6^ cells/well) were washed twice with PBS and seeded in each well of a 6-well plate in 2 ml RPMI 1640 medium supplemented with 10 ng/ml recombinant murine granulocyte-macrophage colony stimulating factor (rmGM-CSF), 20 ng/ml recombinant murine interleukin (rmIL)-4 (both from PeproTech, Inc.) and 10% FBS at 37°C with 5% CO~2~ for 8 days. The morphology of DCs was observed and images were captured using an inverted light microscope (Olympus Corporation) at a magnification of ×200.

### Magnetic-activated cell sorting (MACS)

CT-26 cells were harvested and incubated with an anti-CD44 monoclonal antibody conjugated with biotin (cat. no. 130-110-082; Miltenyi Biotec, Inc.) for 20 min at 4°C, followed by fractionation using a CELLection Biotin Binder kit (Invitrogen; Thermo Fisher Scientific, Inc.) according to the manufacturer\'s instructions. Briefly, microbeads were added to the CD44 antibody-labeled cells, which were incubated at 4°C for 20 min with gentle tilting and rotation and separated using a magnet. Subsequently, 10 µl Releasing buffer (DNase I) was added to the cell suspension and incubated for 15 min at room temperature with gentle tilting and rotation to release the cells. CD44^+^ CT-26 cells were separated using a magnet. The sorted CD44^+^ CT-26 cells were cultured in DMEM/F12 (Gibco; Thermo Fisher Scientific, Inc.), supplemented with 20 ng/ml basic fibroblast growth factor (bFGF) and 20 ng/ml epidermal growth factor (EGF; both from PeproTech, Inc.), 2% B27 (Gibco; Thermo Fisher Scientific, Inc.), 100 U/ml penicillin/streptomycin (Beyotime Institute of Biotechnology) and 8 mM HEPES (HyClone; GE Healthcare Life Sciences) at 37°C with 5% CO~2~.

On day 8 of culture, bone marrow-derived cells were harvested and incubated with CD11c MicroBeads UltraPure (Miltenyi Biotec, Inc.) for 20 min at 4°C according to the manufacturer\'s instructions. The negative flow-through fraction was discarded, and the positive fraction containing CD11c^+^ cells was analyzed by flow cytometry as described below.

### Tumorsphere formation assay

Sorted CD44^+^ CT-26 cells were cultured in serum-free DMEM/F12 supplemented with 20 ng/ml bFGF, 20 ng/ml EGF, 2% B27, 100 U/ml penicillin/streptomycin and 8 mM HEPES for 7 days at 37°C with 5% CO~2~. Cells were seeded into uncoated 6-well culture plates (Corning Inc.) at a density of 1×10^4^ cells/well with fresh medium added every 3 days. Tumorsphere formation was observed and images are representative of at least five random fields and were captured using an inverted light microscope (Olympus Corporation) at a magnification of ×100.

### Serum-induced differentiation

A total of 5×10^5^ CD44^+^ CT-26 cells were resuspended and incubated for 3 days in RPMI-1640 medium supplemented with 10% FBS at 37°C with 5% CO~2~. Images of cells were acquired using an inverted light microscope (Olympus Corporation) at a magnification of ×400.

### Flow cytometric detection of cell surface markers

CT-26 cells and CD44^+^ CT-26 cells (termed CCSCs) were dissociated into single cells, and CCSCs were prepared at a concentration of 2×10^5^ cells in 0.1 ml PBS. A FITC-conjugated anti-CD44 antibody (1:200; cat. no. 11-0441-82; eBioscience; Thermo Fisher Scientific, Inc.) was added to the cell suspension, which was subsequently incubated in the dark for 10 min at 4°C. A FITC-conjugated rat-anti mouse IgG2bκ isotype was used as isotype control (1:100; cat. no. 11-4031-81; eBioscience; Thermo Fisher Scientific, Inc.). Following two washes with PBS, cells were collected and analyzed using Beckman Coulter FC500 Flow Cytometer with the CellQuest Pro software (version 6.0; BD Biosciences) to determine the number of CD44^+^ cells.

Bone marrow-derived cells from an 8-day culture and DCs isolated following MACS were harvested, washed once with precooled PBS containing 2% FBS and adjusted to a concentration of 1×10^6^ cells in 0.1 ml PBS. A FITC-conjugated CD11c Monoclonal Antibody (1:400; cat. no. 11-0114-82; eBioscience; Thermo Fisher Scientific, Inc.) was added to the cell suspension, which was subsequently incubated in the dark for 10 min at 4°C. After two washes in PBS, cells were acquired and analyzed using Beckman Coulter FC500 Flow Cytometer with the FlowJo software (version 10.0; FlowJo) to determine the number of CD11c^+^ cells.

### Preparation of CCSC lysate and total RNA

CCSC lysates were prepared as previously described by Schnurr *et al* ([@b41-ol-0-0-10952]). Briefly, CCSCs were trypsinized using TrypLE (Gibco; Thermo Fisher Scientific, Inc.), resuspended in serum-free DMEM/F12 medium supplemented with 20 ng/ml bFGF, 20 ng/ml EGF, 2% B27, 100 U/ml penicillin/streptomycin and 8 mM HEPES at a concentration of 3×10^6^ cells/ml and lysed by four freeze-thaw cycles. The lysed cells were centrifuged at 500 × g for 30 min at 4°C. The supernatants were collected and used as CCSC-associated antigens. Total RNA from CCSCs was extracted using TRIzol^®^ reagent (Invitrogen; Thermo Fisher Scientific, Inc.) according to the manufacturer\'s instructions.

### Pulsing of DCs with CCSC extracts

RNA and lysates were loaded to DCs by coincubation of DCs without any transfection reagents. Pulsing of DCs with RNA was performed as previously described by Nair *et al* ([@b35-ol-0-0-10952]) and Pan *et al* ([@b36-ol-0-0-10952]). DCs (5×10^5^ cells) obtained following MACS were incubated with total RNA (40 µg) or lysate from 1.5×10^6^ CCSCs in RPMI-1640 medium supplemented with 10 ng/ml rmGM-CSF and 20 ng/ml rmIL-4 for 4 h at 37°C. To induce DC maturation, tumor necrosis factor-α (5 ng/ml) was added to the medium and incubated with antigen-loaded DCs for 48 h at 37°C with 5% CO~2~. Subsequently, RNA-DCs and Pro-DCs were obtained and suspended in PBS for the following animal studies.

### DC-based immunotherapy

The colon cancer model was established by subcutaneously injecting 1×10^6^ CCSCs into the right hind limb of BALB/c mice on day 0. When tumors became visible on day 7, BALB/c mice were randomized into three treatment groups and one control group (n=20 mice/group). Mice in the treatment groups received a dose of 1×10^6^ DCs, RNA-DCs or Pro-DCs in the left hind limb, whereas mice in the control group received 0.1 ml PBS. Mice were injected once per week for 3 weeks. The two perpendicular dimensions of each tumor were measured with a Vernier caliper every 3 days to calculate the tumor volume as follows: V (mm^3^)=0.5 × a × b^2^, where a is the maximum length of the tumor, and b is the maximum transverse diameter. On day 35, ten mice in each group were sacrificed by carbon dioxide asphyxiation (air displacement rate: 20%/min; carbon dioxide flow rate: 1.7 l/min) for approximately 6 min followed by cervical dislocation. Tumors were excised and weighed, and spleens were collected for further analysis. For the survival tests, the time of death was recorded for the remaining ten mice in each group to calculate the survival rate.

### CTL induction

Spleens were recovered from mice on day 35. A single cell preparation of splenocytes was obtained by pressing the spleen through a stainless steel wire mesh (200 meshes), suspending the material in PBS and collecting it by centrifugation (350 × g for 5 min at room temperature. Red blood cells were removed by lysis in 0.83% ammonium chloride. Lymphocytes were further separated from the splenocytes by density gradient centrifugation using Lymphocyte Separation Medium (Beyotime Institute of Biotechnology, Co., Ltd.) according to the manufacturer\'s instructions. Briefly, splenocytes collected were mixed with an equal volume of PBS and subsequently added on top of lymphocyte separation medium (same volume of sample). The mixture was centrifuged at 400 × g for 30 min at room temperature. The cells in the interface were collected, mixed with RPMI-1640 medium, and centrifuged at 300 × g for 10 min at room temperature. The supernatant was discarded and the cell pellets were washed twice in RPMI-1640 medium. A single suspension of lymphocytes was harvested by centrifugation (400 × g for 5 min at room temperature) and seeded in each well of a 96-well plate at a density of 2×10^6^ cells/ml in 0.1 ml RPMI 1640 medium supplemented with 10% FBS and 20 ng/ml rmIL-2 for 7 days at 37°C with 5% CO~2~.

### Cytotoxicity assay

The CTLs from each group were examined for cytotoxic activity toward target CCSCs by performing a lactate dehydrogenase (LDH) release assay using the CytoTox96^®^ Non-Radioactive Cytotoxicity Assay kit (Promega Corporation) according to the manufacturer\'s instructions. Briefly, CTLs and CCSCs were mixed at effector-to-target (E/T) ratios of 10:1, 20:1 and 40:1 in RPMI-1640 medium supplemented with 10% FBS with a final volume of 100 µl/well in a 96-well plate (Corning Inc.). The percent specific cytotoxicity was calculated as \[(experimental value)-(effector cell spontaneous LDH release control)/\[(target cell maximum LDH release control)-(target cells spontaneous LDH release control)\] ×100. All assays were performed in triplicate.

### ELISA

CTLs and CCSCs were mixed at an E/T ratio of 20:1 in a 96-well plate and incubated for 18 h at 37°C with 5% CO~2~. Interferon-γ (IFN-γ) secreted from CTLs was measured using the Mouse IFN-γ ELISA kit (R&D Systems, Inc.) according to the manufacturer\'s instructions. All experiments were performed in triplicate.

### Statistical analysis

Data are presented as the mean ± standard deviation. The results of the *in vitro* experiments were obtained from three independent experiments. One-way ANOVA followed by a Tukey-Kramer multiple comparisons test was used to compare the data using SPSS software (v.17.0; SPSS, Inc.). Kaplan-Meier analysis was used for survival estimations and a log-rank (Mantel-Cox) test was used to evaluate the differences between the survival curves. P\<0.05 was considered to indicate a statistically significant difference.

Results
=======

### Isolation and characterization of CD44^+^CT-26 cells

Single-cell suspensions of CCSCs isolated from murine cell line CT-26 by MACS were cultured in serum-free DMEM/F12 medium. These cells grew as suspended individual cells and gradually formed cell aggregates on day 3. On day 7, tumorsphere clones appeared and became visible to the naked eye ([Fig. 1A](#f1-ol-0-0-10952){ref-type="fig"}). When these tumorsphere were cultured in serum-supplemented medium, cells began to detach from the tumorspheres and differentiated into adherent monolayers of CT-26 cells on day 3 ([Fig. 1B](#f1-ol-0-0-10952){ref-type="fig"}). Moreover, the percentages of CD44^+^ cells in unsorted CT-26 cells and CCSCs were 6.98 and 95.26%, respectively, as analyzed by flow cytometry ([Fig. 2](#f2-ol-0-0-10952){ref-type="fig"}).

### Characteristics of bone marrow-derived DCs in culture

Bone marrow-derived DCs were cultured and induced in RPMI 1640 medium supplemented with rmGM-CSF and rmIL-4. On day 2, bone marrow-derived cells floating as suspensions in culture medium exhibited spherical morphology ([Fig. 3A](#f3-ol-0-0-10952){ref-type="fig"}). Cells became larger and started to form multicellular clusters on day 5 ([Fig. 3B](#f3-ol-0-0-10952){ref-type="fig"}). On day 8, DC colonies became large and exhibited protrusions with a branched and extended morphology on the cell membrane ([Fig. 3C](#f3-ol-0-0-10952){ref-type="fig"}). Semi-adherent and suspended cells were collected and considered to be immature DCs.

Bone marrow-derived cells and DCs were incubated with FITC-conjugated CD11c monoclonal antibody and analyzed by flow cytometry to determine the CD11c^+^ cell yield. The percentages of CD11c^+^ cells before and after MACS were 73.1 and 94.8%, respectively ([Fig. 3D and E](#f3-ol-0-0-10952){ref-type="fig"}). This result indicated that relatively pure bone marrow-derived DCs could be obtained through a two-step extraction procedure.

### Pro-DC and RNA-DC treatment of tumor-bearing mice induces antitumor activity

CCSC-derived tumors grew to a palpable size of \~5 mm in diameter prior to treatment initiation with unpulsed or pulsed DCs. On day 35, the average tumor volume in control mice was 2,617±55 mm^3^, whereas that in mice treated with unpulsed DCs, RNA-DCs, or Pro-DCs was 1,162±62, 1,063±71 and 381±93 mm^3^, respectively ([Fig. 4A](#f4-ol-0-0-10952){ref-type="fig"}). Therefore, DC treatment suppressed tumor growth in mice. The suppressive effect of Pro-DCs was the strongest among all treatments; the effect elicited by RNA-DCs was similar to that of unpulsed DCs. The tumor weight in mice treated with Pro-DCs was significantly lower compared with that in mice treated with unpulsed DCs, RNA-DCs and PBS (P\<0.05 for all comparisons; [Fig. 4B](#f4-ol-0-0-10952){ref-type="fig"}). Tumor volume and weight in the pulsed and unpulsed DC groups were significantly different compared with those of the PBS group (P\<0.05 for all comparisons).

For survival studies, 10 tumor-bearing mice in each group were observed for their survival duration ([Fig. 5](#f5-ol-0-0-10952){ref-type="fig"}). The results revealed that tumor-bearing mice vaccinated with unpulsed DCs, RNA-DCs or Pro-DCs survived longer compared with mice treated with PBS (P\<0.05 for all comparisons); tumor-bearing mice treated with Pro-DCs survived the longest among all groups (P\<0.05 for all comparisons), and tumor-bearing mice treated with RNA-DCs survived longer compared with mice treated with unpulsed DCs (P\<0.05). On day 60, survival rates in mice treated with Pro-DCs and RNA-DCs were 60 and 10%, respectively.

### Cytotoxic response and tumor-specific immunity mediated by CTLs from unpulsed and pulsed DC-treated tumor-bearing mice

Lymphocytes from DC-treated mice were tested for cytotoxicity using an LDH assay. Unpulsed and pulsed DC treatments induced potent antitumor activity and tumor-specific cytotoxicity *in vitro*. As demonstrated in [Fig. 6A](#f6-ol-0-0-10952){ref-type="fig"}, the immunization of tumor-bearing mice with Pro-DCs induced significantly stronger cytotoxic activity against CCSCs at E/T ratios of 10:1, 20:1 and 40:1. The percent cell lysis in Pro-DC samples at an E/T ratio of 40:1 was 63.9±3.31%, whereas those in the RNA-DC, unpulsed DC and PBS control groups were 31.42±3.64, 27.76±1.78 and 0.4±1.13%, respectively (P\<0.05 for all comparisons).

Additionally, lymphocytes from Pro-DC-treated tumor-bearing mice released high levels of IFN-γ when stimulated with CCSCs. When CTLs were mixed with CCSCs at an E/T ratio of 20:1, the IFN-γ levels produced by splenic CTLs from the Pro-DC (745.53±62.28 ng/l) and RNA-DC (521.39±34.22 ng/l) groups were significantly higher compared with those from the unpulsed DC (403.09±46.71 ng/l) and control (131.89±21.87 ng/l) groups (P\<0.05; [Fig. 6B](#f6-ol-0-0-10952){ref-type="fig"}).

Discussion
==========

CD44, a prominent transmembrane glycoprotein, is a unique cell adhesion molecule that serves an important role in cancer cell migration and matrix adhesion. CD44 is overexpressed in colorectal cancer and is associated with enhanced tumorigenesis and tumorsphere formation *in vitro*, as well as the initiation of xenograft tumors *in vivo* ([@b42-ol-0-0-10952]--[@b44-ol-0-0-10952]). In the present study, CD44 was used as a marker to isolate subsets enriched in CSCs from the mouse colon adenocarcinoma cell line CT-26 by MACS; the results demonstrated that CD44^+^ CT-26 CSCs accounted for 6.98% of all CT-26 cells. Highly-purified CCSCs (\>95%) were obtained and their differentiation potential, tumorsphere formation capacity and surface marker expression were confirmed. Using a technique already used in clinical immunotherapy trials ([@b45-ol-0-0-10952]--[@b48-ol-0-0-10952]), DCs were pulsed with tumor cell lysate or total RNA to transfer a wide range of CSC antigens to DCs, increasing targets for specific T-cell clones and providing antigenic epitopes for MHC class I and II processing pathways.

The results of the present study demonstrated that DCs loaded with CCSC lysate or total RNA induced effective antitumor responses in tumor-bearing mice, which was demonstrated by the diminished tumor volume and weight, as well as an increased lifespan, compared with those in control animals. In addition, an induced antigen-specific CTL response against CCSCs was identified in murine therapeutic models, as well as specific CTL activity *in vitro* based on high levels of IFN-γ secretion. Similarly, DCs pulsed with total RNA from CD133^+^ hepatocellular carcinoma cells have been previously demonstrated to induce a specific CTL response to kill hepatocellular carcinoma CSCs via antigen-specific T-cell proliferation and the stimulation of IFN-γ secretion ([@b26-ol-0-0-10952]). In the majority of previous studies, CSCs were subjected to immunologic recognition and elimination by CD8^+^ CTLs in an antigen-specific manner, resulting in favorable outcomes in animal models, including delayed tumor growth, tumor regression and extended survival times ([@b13-ol-0-0-10952],[@b22-ol-0-0-10952]--[@b26-ol-0-0-10952]). In the present study, however, a significantly more potent antitumor immune response was elicited by lysate-loaded DCs against CCSCs compared with RNA-DCs or unpulsed DCs. These results suggested that CSC lysates may be a more promising antigen for DC loading compared with total RNA; this was in agreement with the results of a previous immunotherapy study, which reported that DCs pulsed with whole-cell lysates are highly effective against breast CSCs compared with DCs loaded with tumor total RNA ([@b22-ol-0-0-10952]). Similarly, the level of IFN-γ expression in the CTL stimulated by lysate-loaded DCs is greater compared with that in T cells stimulated by RNA-loaded DCs in B cell chronic lymphocytic leukemia ([@b49-ol-0-0-10952]). By contrast, other studies have demonstrated enhanced CTL responses induced by total RNA or mRNA compared with tumor lysate ([@b36-ol-0-0-10952],[@b50-ol-0-0-10952]). In addition, DCs pulsed with a tumor lysate derived from the mouse colon adenocarcinoma cell line CT-26 are able to induce CTL activity against target cancer cells, but not B16 melanoma cells, suggesting the selective targeting of the original tumor cells ([@b12-ol-0-0-10952]). In the present study, RNA-DCs elicited only a slightly stronger antitumor effect compared with unpulsed DCs, although the difference was statistically significant. This antitumor immune response may be enhanced by transfecting cells with tumor mRNA through electroporation or with lipofection instead of conventional RNA/DC co-culture ([@b51-ol-0-0-10952]). Vaccination with mRNA-transfected DCs stimulates robust CTL responses and antitumor immunity in mice and induced tumor antigen-specific CD8^+^ T cell responses in patients with prostate and renal cancer ([@b34-ol-0-0-10952]). However, Nair *et al* ([@b35-ol-0-0-10952]) have demonstrated efficient transfection of DCs with naked RNA when the DCs are immature, a stage at which they take up exogenous materials avidly, and revealed that DCs transfected with naked RNA are comparable to those transfected with RNA/lipid complexes in the stimulation of antigen-specific CTL responses. Using RNA as an antigen has an advantage since it requires only a small amount of tumor tissue to produce sufficient antigens for DC sensitization, which is crucial for postoperative patients or patients with a low tumor burden ([@b46-ol-0-0-10952]). Although the majority of tumors exclusively express MHC class I and the adoptive transfer of activated CTLs has been successful ([@b33-ol-0-0-10952]), a long-term memory-based immune response needs to be verified based on its association with cancer patient survival.

In conclusion, the results of the present study demonstrated that DCs pulsed with lysates of CCSCs isolated from CD44^+^ CT-26 mouse colon adenocarcinoma cells exhibited potent anticancer efficacy in tumor-bearing mice. The results revealed that DCs pulsed with tumor lysate decreased the tumor volume, extended survival time, induced anti-tumor immunity *in vivo* and generated tumor-specific CTL responses. In addition, Pro-DC vaccination resulted in significantly stronger anticancer effects compared with other methods of DC vaccination. Post-operative vaccination with DCs pulsed with CCSC lysates may decrease the recurrence of colon cancer and prolong tumor-free survival time for patients, suggesting a potentially effective immunotherapeutic strategy for the selectively targeting of CCSCs in established tumors.
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![Isolation and characterization of CCSCs. (A) Optical micrographs demonstrating the morphology of CCSCs obtained by magnetic-activated cell sorting over 7 days. Scale bar, 200 µm. (B) Serum-induced differentiation of CCSCs into adherent cells. Scale bar, 50 µm. CCSCs, colon cancer stem cells.](ol-18-06-5897-g00){#f1-ol-0-0-10952}

![Flow cytometric analysis of CD44^+^ cell marker expression in CT-26 cells. Colon cancer stem cell percentage in CT-26 cells (A) before and (B) after magnetic-activated cell sorting evaluated by flow cytometry. White, isotype control; grey, CD44^+^ expression.](ol-18-06-5897-g01){#f2-ol-0-0-10952}

![Isolation and characterization of bone marrow-derived DCs. (A-C) Optical micrographs presenting the morphology of DCs. (A) On day 2, bone marrow-derived cells floated as suspensions in culture and exhibited a spherical morphology. (B) Cells grew larger and started to form multicellular clusters on day 5. (C) On day 8, DC colonies became large and exhibited protrusions with a branched and extended morphology on the cell membrane. Scale bars, 100 µm. (D and E) The percentage of CD11c^+^ cells (D) before and (E) after magnetic-activated cell sorting evaluated by flow cytometry. DCs, dendritic cells.](ol-18-06-5897-g02){#f3-ol-0-0-10952}

![Therapeutic effects of unpulsed DCs, Pro-DCs and RNA-DCs against CCSCs in tumor-bearing mice. (A) Average tumor volume was measured every 3 days when tumors became visible on day 11 following CCSC implantation. (B) On day 35, the average tumor weight was determined. Data are presented as the mean ± standard deviation. \*P\<0.05 vs. PBS; ^\#^P\<0.05 vs. unpulsed DCs; ^†^P\<0.05 vs. RNA-DCs. n=10 mice per group. DCs, dendritic cells; Pro-DC, tumor lysate protein-pulsed dendritic cells; RNA-DC, tumor total RNA-pulsed dendritic cells; CCSCs, colon cancer stem cells.](ol-18-06-5897-g03){#f4-ol-0-0-10952}

![Pro-DCs enhance the survival of tumor-bearing mice. Tumor- bearing BALB/c mice treated with PBS, unpulsed DCs, RNA-DCs and Pro-DCs once per week for 3 weeks were observed for survival duration until day 60. A Kaplan-Meier curve of mouse survival was plotted using survival data. ^\#^P\<0.05 vs. PBS, unpulsed DCs, or RNA-DCs; \*P\<0.05 vs. PBS; ^†^P\<0.05 vs. unpulsed DCs. Statistical analysis was performed using a log-rank test. n=10 mice per group. DC, dendritic cell; Pro-DC, tumor lysate protein-pulsed dendritic cell; RNA-DC, tumor total RNA-pulsed dendritic cell.](ol-18-06-5897-g04){#f5-ol-0-0-10952}

![Induction of CTL response in tumor-bearing mice via immunization with unpulsed DCs, Pro-DCs or RNA-DCs. (A) CTL-stimulated lysis of CCSCs by pulsed or unpulsed DCs at E/T ratios of 10:1, 20:1 and 40:1. (B) Levels of IFN-γ secreted by CTLs derived from pulsed or unpulsed DCs against CCSCs at an E/T ratio of 20:1. The results represent three independent experiments. Data are presented as the mean ± standard deviation. \*P\<0.05 vs. PBS; ^\#^P\<0.05 vs. unpulsed DCs; ^†^P\<0.05 vs. RNA-DCs. CTL, cytotoxic T lymphocyte; DC, dendritic cell; Pro-DC, tumor lysate protein-pulsed dendritic cell; RNA-DC, tumor total RNA-pulsed dendritic cell; CCSCs, colon cancer stem cells; E/T, effector-to-target; IFN-γ, interferon-γ.](ol-18-06-5897-g05){#f6-ol-0-0-10952}
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